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Large scale cosmic perturbation from evaporation of primordial black holes
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We present a novel mechanism to generate the cosmic perturbation from evaporation of primordial
black holes. A mass of a field is fluctuated if it is given by a vacuum expectation value of a light scalar
field because of the quantum fluctuation during inflation. The fluctuated mass causes variations of
the evaporation time of the primordial black holes. Therefore provided the primordial black holes
dominate the Universe when they evaporate, primordial cosmic perturbations are generated. We
find that the amplitude of the large scale curvature perturbation generated in this scenario can be
consistent with the observed value. Interestingly, our mechanism works even if all fields that are
responsible for inflation and the generation of the cosmic perturbation are decoupled from the visible
sector except for the gravitational interaction. An implication to the running spectral index is also
discussed.
I. INTRODUCTION
Recent observations of the cosmic microwave back-
ground radiation determine the cosmological parameters
with increased accuracy and hence we know the ampli-
tude and the tilt of the initial cosmological perturbations
on the large scale [1]. However, the mechanism which
generates such perturbations is still unknown. Even if
one assumes that inflation occurs and it stretches the
quantum fluctuations of light scalar fields into the cos-
mological ones [2], what actually produces the observed
perturbations is quite obscure. For example, in curva-
ton [3] or modulated reheating [4] scenarios, the scalar
field which is responsible for the large scale cosmic per-
turbations is different from the inflaton itself. In addi-
tion, all known scenarios, such as single field inflation,
curvaton and modulated reheating, are not necessarily
the only possibilities to be considered. Thus it is impor-
tant to investigate another feasible mechanism generating
the perturbation, in order to understand what actually
happened in the early Universe.
Primordial black holes (PBHs) are black holes which
formed in the early Universe. After the pioneer work by
Zel’dovich and Novikov [5] in 1966, PBHs have attracted
much attention for a long time. Now it is known that
PBHs can be produced by large density perturbations
due to inflation or preheating [6] as well as a sudden
reduction in the pressure [7], bubble collisions [8], col-
lapses of cosmic strings [9], and so on [10]. PBHs with
small masses, MBH . 10
15g, evaporate until today by
the Hawking radiation [11] and lead to rich phenomenolo-
gies including entropy productions, baryogenesis [12] and
neutrino radiations [13]. On the other hand, PBHs with
large masses, MBH & 10
15g, survive today and they can
be the candidate of cold dark matter and might affect
the large scale structure [14], possibly seeding the super-
massive black holes [15]. However, although a number
of earlier works investigate the possible roles of PBHs,
PBHs have never been studied as the origin of the cos-
mic perturbation.
Before showing detailed calculations, let us briefly ex-
plain the basic idea of our mechanism where the fluc-
tuation of the PBH evaporation time generates cosmic
perturbations: First of all, we assume that one field (ψ)
acquires its mass mψ from another field (light scalar field
φ) by the Higgs mechanism. Then the mass of ψ, mψ, is
fluctuated if the field value of the light scalar field φ is
also fluctuated by inflation. Second, a lifetime of a PBH
depends on mψ if mψ is larger than the initial Hawking
temperature TBH of the PBH. It can be understood step
by step. Since the Hawking temperature TBH is inversely
proportional to the PBH mass MBH, TBH increases as
MBH decreases due to the Hawking radiation. Next, the
PBH can emit particles whose masses are smaller than
TBH. Thus the number of particle species in the Hawk-
ing radiation rises as TBH increases. Moreover the energy
loss rate of the PBH is proportional to the degree of free-
dom of the radiated particles. Therefore the energy loss
of the PBH accelerates when TBH exceeds mψ. As a re-
sult, the variation of mψ causes the variation of the time
of the PBH evaporation. Finally, if PBHs dominate the
Universe, the fluctuation of the PBH evaporation time
is nothing but the fluctuation of the (second) reheating
time. 1 Thus cosmic perturbations are generated via the
PBH evaporation.
This novel mechanism has several interesting features.
First, the generation of perturbations by this mechanism
is general because it is natural to expect that an un-
known particle acquires its mass by the Higgs mecha-
nism, if some symmetry forbids the mass term. Second,
this mechanism is still viable even if all fields which are
relevant to inflation and the generation of the cosmic per-
turbations are decoupled from the visible sector except
for the gravitational interaction. It is because particles
1 Here we consider that the first reheating occurs after inflation
and refer to the PBH evaporation as the second reheating be-
cause the radiation component from the inflaton become negli-
gible after PBHs dominate the Universe.
2in the visible sector are emitted by the Hawking radia-
tion even if PBHs are formed from an invisible sector.
Third, the PBH dominated universe leads to the rich
phenomenologies as we have mentioned. It would be in-
teresting to explore these scenarios in combination with
our mechanism. In this article, however, we focus on the
generation mechanism of cosmic perturbations via PBHs.
This article is organized as follows. First, we explain
the generation mechanism in detail and show that the
observed magnitude of the cosmic perturbations can be
realized. Next, we make a prediction of the running spec-
tral index when the PBHs are produced due to a blue-
tilted perturbation generated by the inflaton. We show
that the negatively large running is predicted. The final
section is devoted to conclusions and discussion.
II. PERTURBATION OF PBH LIFETIME
In this section, we compute the curvature perturba-
tion produced by the PBH evaporation when a mass of
a field is fluctuated by the Higgs mechanism. A PBH
loses its mass due to the Hawking radiation [11] which is
characterized by the Hawking temperature,
TBH =
M2Pl
MBH
, (1)
where MBH is the mass of the PBH and MPl ≈ 2.43 ×
1018GeV is the reduced Planck mass. The mass loss rate
is given by
dMBH
dt
= −
π2
120
g∗T
4
BH × 4πr
2
s = −
π
480
g∗
M4Pl
M2BH
, (2)
where g∗ is the effective degrees of freedom of the radi-
ated particles and rs ≡MBH/4πM
2
Pl is the Schwarzschild
radius. 2 Let us consider a case where a field ψ is added
to the standard model. We define mψ as the mass of ψ
and gψ as its effective degrees of freedom. Then g∗ varies
approximately as
g∗ =
{
gsm (TBH < mψ)
gsm + gψ (TBH > mψ)
, (3)
where gsm = 106.75 is the total degrees of freedom in
the standard model. One can find the solution of Eq. (2)
2 A black hole not only emits particles but also absorbs the radi-
ated particles by its gravitational attraction. This effect can be
taken into account as overall factors (grey body factors) of the
momentum distribution functions of the radiated particles and
then eq. (2) is modified. Nevertheless we ignore this effect for
simplicity, since it alters the following estimations only by few
factors.
under Eq. (3) as
τ = τsm
[
1−
(
T0
mψ
)3
gψ
gsm + gψ
]
, τsm ≡
160M30
π gsmM4Pl
,
(4)
where mψ is assumed to be larger than the initial Hawk-
ing temperature T0. Otherwise, ψ is emitted from the
beginning and then τ does not depend on mψ . On the
other hand, ψ makes a small difference if mψ ≫ T0 be-
cause a black hole evaporates rapidly at t ≃ τ .
Next, we introduce a scalar field φ and assume that
ψ is a fermion field. We suppose that the interaction
between φ and ψ is given by the Yukawa coupling and it
gives ψ the mass mψ,
Lint = −yφψ¯ψ =⇒ mψ ≡ yφ , (5)
where y is a Yukawa coupling constant. Provided that ψ
does not acquire any significant mass except for Eq. (5),
the fluctuation of φ which is generated during inflation
perturbs the mass of ψ. Then it causes the perturbation
of the PBH lifetime τ through Eq. (4). One can find that
the perturbation of τ ,
δτ = τsm
3gψ
gsm + gψ
(
T0
mψ
)3
δφ
φ
, (6)
where δφ is the fluctuation of φ and the contribution of
φ to g∗ is ignored. Note that in order for δφ to survive
until the PBH evaporation, φ should not gain a large
thermal mass by interactions with the radiation which is
originated from the inflaton.
Let us evaluate the resultant curvature perturbation.
Here we assume that the PBHs dominate the Universe
before their evaporation. The Universe is in the mat-
ter dominated era before the PBH evaporation and en-
ters the radiation dominated era after that. Then the
curvature perturbation ζ generated at the evaporation
of the PBHs can be calculated in the same way as
the modulated reheating cases in which ζ is given by
ζMR = −δΓ/(6Γ), where Γ is the decay rate of the infla-
ton [4]. We derive this formula in the Appendix. Since in
the PBH evaporation case Γ corresponds to the inverse of
the PBH lifetime τ−1, ζ generated by the PBH lifetime
perturbation is given by
ζ =
δτ
6τ
=
1
2
gψ
gsm + gψ
(
T0
mψ
)3
δφ
φ
, (7)
where τsm ≫ δτ is assumed. Provided that φ is light
during inflation and the power spectrum of its fluctuation
is Pδφ = Hinf/2π, the power spectrum of the curvature
perturbation is given by
P
1/2
ζ =
y
4π
gψ
gsm + gψ
T 30Hinf
m4ψ
, (8)
where Hinf is the Hubble parameter during inflation.
3Although several generation mechanisms of PBHs are
proposed, we simply assume that the PBHs form right
after the end of inflation without specifying a concrete
model. In that case, the typical mass of the PBHs is
evaluated as
M0 = γM
3
horizon = 4πγ
M2Pl
Hinf
, (9)
where Mhorizon denotes the energy density in the hori-
zon volume at the end of inflation and γ ≈ 0.2 is the
numerical factor representing the effect that the pressure
of radiations prevents the structure formation [16]. The
initial Hawking temperature is
T0 =
Hinf
4πγ
≈ 0.4Hinf . (10)
Substituting Eq. (10) into Eq. (8), we obtain
P
1/2
ζ =
y
(4π)4γ3
gψ
gsm + gψ
(
Hinf
mψ
)4
. (11)
When gψ ≪ gsm, Eq. (11) is evaluated as
P
1/2
ζ ≈ 10
−5
×
( y
0.3
)(gψ
1
)(Hinf
mψ
)4
. (12)
Let us discuss whether the observed curvature pertur-
bation, P
1/2
ζ ∼ 10
−5, can be realized by the evaporation
of the PBHs. To obtain the observed curvature perturba-
tion, mψ must be close to Hinf . Otherwise, the Yukawa
coupling y must be larger than the unitarity bound ∼ 4π.
However, the required coincidence of mψ and Hinf is not
a fine-tuned one; it is just within a factor of few.
The coincidence can be realized more naturally in the
following way. If φ couples to several fields, as is the case
for the standard model Higgs, it is not unnatural that
one of these fields has a mass close to the Hubble scale
within a factor of a few. Note also that the perturbation
depends on the degree of freedom of the fermions, gψ.
If φ couples to several fermions with the same Yukawa
coupling, which can be guaranteed by assuming a flavor
symmetry among the fermions, the required closeness of
the mass scales is relaxed.
Before closing this section, let us note the condition
in which the PBHs dominate the Universe prior to their
evaporation. Provided that the PBHs form right after
the end of inflation and the inflaton oscillation phase is
negligible (instant reheating), the density parameter of
the PBHs at their formation epoch, β ≡ ΩPBH(tform), is
constrained as
β >
√
gsm
20480π2γ3
Hinf
MPl
≈ 10−8
(
Hinf
1011GeV
)
, (13)
where Eq. (9) is used. If β is smaller than the lower bound
in Eq. (13), the resultant curvature power spectrum Pζ
decreases by a factor of (3ΩPBH(τ)/(4 − ΩPBH(τ)))
2
.
IV. IMPLICATION TO THE RUNNING
SPECTRAL INDEX
In this section, we briefly discuss the prediction of
the running spectral index when the PBHs are produced
due to a blue-tilted perturbation from the inflaton. To
be concrete, we discuss this based on the hybrid infla-
tion [17], in which a blue-tilted spectral is easily ob-
tained.3 We assume the following standard hybrid in-
flaton potential:
V (s) = V0 +
1
2
m2ss
2 + · · · , (14)
where s is the inflaton and · · · includes the interactions
with the waterfall sector.
With a simple calculation, we obtain the relation
η =
1
2N∗
ln
(
P
inf
ζe /P
inf
ζ∗
)
, (15)
where P infζ , η and N are the curvature perturbation gen-
erated by the inflaton, the second slow-roll parameter and
the number of e-foldings, respectively. The indices ∗ and
e denote that the value is evaluated at the horizon exit of
the scale of the interest and the end of the inflation, re-
spectively. Note that the curvature perturbation should
be large enough at the small scale in order to produce
the PBHs, and should be small at the large scale,
P
inf
ζe = O(1), P
inf
ζ∗ < 10
−10. (16)
Therefore we obtain the lower bound for η,
η > 0.2
60
N∗
. (17)
Such large η is natural in the supergravity theory [18].
On the other hand, the spectral index ns of the per-
turbation generated by the PBH evaporation is given by
ns = 1− 2ǫ∗, since the perturbation is originated from a
light field φ other than the inflaton. If the mass of φ is
so large that it affects the spectral index, φ would begin
an oscillation before the evaporation of the PBHs. To
obtain the value consistent with the Planck results [1],
ns = 0.9607 ± 0.0063 (95% C.L.), ǫ∗ = 0.020 ± 0.003 is
required.
In the end, we obtain the prediction of the running of
the spectral index,
dns
d ln k
≃ −4ǫ∗η + 8ǫ
2
∗
< −0.011
60
N∗
. (18)
Thus, a large running is easily obtained.
3 The following analysis is essentially true for other inflaton po-
tentials, if only η is significantly large among the slow-roll pa-
rameters.
4IV. CONCLUSIONS AND DISCUSSION
In this article, we have proposed a new generation
mechanism of cosmic perturbations from the evapora-
tion of PBHs. It has been shown that the mechanism
is compatible with the observed magnitude of the curva-
ture perturbation. The implication to the running spec-
tral index has also been discussed.
As has been mentioned in the Introduction, the gener-
ation mechanism of cosmic perturbations from the evap-
oration of PBHs has an interesting feature. Even if all
fields responsible for inflation and cosmic perturbations
are decoupled from the visible sector, this mechanism is
viable.
ACKNOWLEDGEMENTS
This work is supported by Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Science,
Sports, and Culture (MEXT), Japan, No. 25400248
(M.K.), No. 21111006 (M.K.) and also by World Pre-
mier International Research Center Initiative (WPI Ini-
tiative), MEXT, Japan. T.F. and K.H. acknowledge the
support by JSPS Research Fellowship for Young Scien-
tists.
APPENDIX: CURVATURE PERTURBATION
AND THE EVAPORATION RATE
In this appendix, we derive the formula for the cur-
vature perturbation when the evaporation rate of the
PBHs, Γ, fluctuates, with the aid of the so-called δN
formula [19]. We assume that the PBHs dominate the
Universe before their evaporation.
We take a flat time slice ti well before the PBHs evap-
orate but well after the PBHs dominate the Universe as
the initial time slice. We also take a uniform density time
slice tf well after the PBHs evaporate as the final time
slice. Note that the Universe is in the matter dominated
era before the PBH evaporation and enters the radia-
tion dominated era after that. Therefore, the number of
e-foldings between the two slices is given by
N = ln
[(
τ
ti
)2/3(
tf
τ
)1/2]
=
1
6
lnτ + const, (19)
where τ is the lifetime of the PBHs, τ = Γ−1. By taking
a variation of Eq.(19), we obtain
ζ = δN =
1
6
δτ
τ
= −
1
6
δΓ
Γ
, (20)
which is used in Eq.(7)
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